Autotaxin (ATX) is a secreted phospholipase which hydrolyses lysophosphatidylcholine to generate lysophosphatidic acid (LPA). The extracellular signalling molecule LPA exerts its biological actions through activation of six GPCRs expressed in various cell types including fibroblasts. Multiple preclinical studies using knockout animals, LPA receptor antagonists or ATX inhibitors have provided evidence for a potential role of the ATX/LPA axis in tissue fibrosis. Despite growing evidence for a correlation between ATX levels and the degree of fibrosis in chronic liver diseases, including viral hepatitis and hepatocellular carcinoma, the role of ATX in non-alcoholic steatohepatitis (NASH) remains unclear.
Introduction
Autotaxin (ATX) is a secreted enzyme of the phospholipase superfamily which hydrolyses lysophospholipids to generate lysophosphatidic acid (LPA) (Perrakis and Moolenaar, 2014) . Mice deficient in ATX die during embryonic development, whereas heterozygous mice survive to adulthood and display plasma LPA levels that are approximately half that of wild-type mice, implying that ATX is the major source of plasma LPA in mice (Tanaka et al., 2006; van Meeteren et al., 2006) . Recently, it was demonstrated that anti-ATX DNA aptamers block LPA production by more than 90% in human serum, showing that ATX is a major source of LPA in human plasma (Kato et al., 2016) . LPA acts as an extracellular signalling molecule and exerts its biological actions through the activation of GPCRs. To date, six GPCRs have been described that are involved in LPA signalling (LPA 1 , LPA 2 , LPA 3 , LPA 4 , LPA 5 and LPA 6 receptors) and each is coupled to various signalling cascades including G α12/13 , G αq , G αs and G αI (Kihara et al., 2014) . Elevated plasma LPA concentrations and increased LPA receptor expression have been observed in patients suffering from chronic inflammatory diseases, fibrosis and cancer (reviewed in Sevastou et al., 2013; Chu et al., 2015; Leblanc and Peyruchaud, 2015) . Associations between LPA receptor signalling and various diseases have stimulated interest within the pharmaceutical industry for the development of LPA antagonists (Llona-Minguez et al., 2015) . However, it has proven challenging to identify potent and selective LPA receptor antagonists with few compounds having been advanced to clinical development (Pasquinelli, 2013; Khanna et al., 2014) .
Autotaxin as the major source of plasma LPA has attracted the interest of researchers and the pharmaceutical industry. Several small molecule ATX inhibitors have been developed for use in various inflammatory and fibrotic diseases (reviewed in Barbayianni et al., 2015; Castagna et al., 2016) . Of the candidates, GLPG1690 is currently being investigated in a Phase II trial in patients with idiopathic pulmonary fibrosis. Beyond that, there is growing evidence to support the involvement of ATX in the pathogenesis of liver fibrosis related to viral hepatitis and hepatocellular carcinoma (Nakagawa et al., 2011; Kondo et al., 2014; Pleli et al., 2014) . However, the role of ATX in non-alcoholic steatohepatitis (NASH) remains unclear.
The elevated ATX and LPA levels in patients with chronic liver diseases from different aetiologies have prompted efforts to explore the role of the LPA/ATX axis in the pathogenesis of NASH-related fibrosis. The aim of the present study was to investigate the effect of LPA in primary human hepatic stellate cells (HSCs) in vitro and to characterize the properties of Example 31(24) (Ex_31), a selective small molecule ATX inhibitor, in preclinical models of advanced liver fibrosis.
Methods

Synthesis and purification of Ex_31
The ATX inhibitor Ex_31 was synthesized according to the procedures described in patent WO 2012/005227 and EP 2592081 A1 respectively (Supporting Information Figure S9 ). The synthesis of Ex_31 started from commercially available 7-azaindole S1, which upon treatment with dimethylamine and formaldehyde underwent a Mannich reaction to give 7-azagramine S2. The corresponding nitroethyl-derivative S3 was next obtained through reaction with nitromethane and dimethylsulfate under basic conditions. Subsequently, the nitro group present in S3 was converted to the amine S4 through hydrogenation using Pearlman's catalyst. In order to construct the tricyclic core present in S5, the azatryptamine S4 was heated with formaldehyde under acidic conditions in a sealed tube, which triggered the desired Pictet-Spengler cyclization to yield S5. Boc-protection of S5 afforded S6, the latter which was alkylated with 1-(bromomethyl)-4-chloro-2-fluorobenzene under basic conditions to give S7. Deprotection of the Boc group was achieved under acidic conditions and yielded the tricyclic amine S8. The latter was coupled with carboxylic acid S9 (synthesized in three steps from commercially available trans-1,4-cyclohexanedicarboxylic acid monomethyl ester according to procedures described in patent WO 2012/ 005227 and EP 2592081 A1 respectively) using HOBt and EDC to yield an amide, which was subsequently subjected to ester hydrolysis to give the final carboxylic acid Ex_31. The final crude compound was purified by silica gel column chromatography (eluent: 1% MeOH : dichloromethane) to provide Ex_31 as a white solid.
Primary human hepatic stellate cell culture
Primary human HSCs (Innoprot, Spain) were maintained in humidified cell culture incubators at 37°C and 5% CO 2 . Cells were cultured in standard cell culture plastic ware according to the manufacturer's instructions. Cells were grown in SteCM medium (ScienCell, USA) containing growth supplements and FCS (2%). Cells were split when they reached sub-confluence.
Real-time PCR analysis of gene expression in primary human hepatic stellate cells
For gene expression studies, HSCs were seeded in 12-well plates and serum starved for 18 h before treatment with LPA (1-oleoyl LPA, 10 μM 18:1; Cayman Chemicals, USA) for 1, 2, 4 and 6 h. Cells were lysed in RLT-buffer, and total RNA was isolated using RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. Concentrations of RNA were analysed with a NanoDrop® ND-1000 UV-Vis spectrophotometer at 260 nm (Thermo Fisher Scientific, USA). Purity of RNA was confirmed using 260/280 nm ratios (pure samples show a range of 1.8-2.1), and samples were stored at À80°C before further processing. For RT-PCR, RNA (50-2000 ng) was reverse-transcribed into cDNA with a high capacity cDNA archive kit (Thermo Fisher Scientific) in accordance with the manufacturer's instructions, and cDNAs were stored at À20°C. For the analysis of gene-specific mRNA expression, cDNA was amplified by real-time PCR with specific primers and fluorescently labelled probes (Supporting Information Table S8 ) using a thermal cycler (Eppendorf, Germany). Results were evaluated using SDS software version 2.2 (Thermo Fisher Scientific). Expression levels were normalized by reference to the house keeping gene RNA polymerase 2. For BJP M Baader et al.
calculation of relative changes in gene expression, values of individual samples were divided by the mean value of untreated samples at time zero.
Measurement of TRAIL-induced hepatic stellate cell apoptosis
For the measurement of TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis, white opaque 384-well plates were seeded with HSCs at a density of 2000 cells per well in SteCM medium supplemented with FCS (2%) and growth supplements (1%). Six hours later, medium was replaced by SteCM medium without supplements and cells were serum-starved for 6 h. For the apoptosis assay, cells were stimulated for 24 h with different concentrations of LPA alone or in combination with TRAIL (30 ng·mL À1 ; R&D Systems, Germany). Caspase 3/7 activity was measured using a luminescence-based Caspase-Glo 3/7 assay system (Promega, USA) according to the manufacturer's instructions.
In vitro ADME assays Plasma protein binding (PPB). The plasma protein binding was determined by equilibrium dialysis. Teflon dialysis cells with a cut-off of 5-10 kDa were used. EDTA plasma was spiked with 10 mM Ex_31 and transferred to the donor chamber. The acceptor chamber was filled with PBS buffer (pH 7.4) supplemented with dextran. The chamber was incubated for 3 h under rotation at 37°C. Aliquots from both chambers were collected and analysed by LC-MS/MS for calculation of the PPB.
The following assays were performed as described previously (Luippold et al., 2011) :
Cytochrome P450 assay. Cytochrome P450 oxygenasespecific substrates were incubated with Ex_31 at 37°C with liver microsomes. The assay was performed in 0.1 M Tris buffer supplemented with 5 mM MgCl 2 and 1 mM NADPH. Ex_31 was tested in a range of 0-50 μM.
Caco-2 assay. A 10 μM solution of EX_31 (pH 7.4) was added to a donor chamber. Samples at multiple time points (up to 90 min) were collected from the donor and receiver chamber for analysis of the permeability and efflux ratio.
Animals
All animal care and experimental protocols were approved by the ethics review committee for animal experimentation of Boehringer Ingelheim Pharma GmbH & Co. KG. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . The pharmacokinetic study was carried out at Boehringer Ingelheim (Biberach, Germany) according to licence 14-009-G and national animal welfare guidelines. The carbon tetrachloride (CCl 4 ) study was conducted at Boehringer Ingelheim (Biberach, Germany) according to licence 13-011-G and national animal welfare guidelines. The choline-deficient amino acid-defined (CDAA) study was conducted at Gubra ApS (Hørsholm, Denmark) according to licence 2013-15-2934-00784 and national welfare guidelines. Details on animals, experimental procedures, housing and husbandry as well as animals numbers are disclosed in the following methods sections.
Pharmacokinetic profile of Ex_31 and target engagement in healthy rats
The ATX inhibitor Ex_31 was dissolved in water containing cyclodextrin (20%; 1 mg in 4 mL) for i.v. administration. For p.o. administration, Ex_31 was dissolved in water supplemented with Tween (0.1%) and Natrosol (0.5%; 6 mg in 2.5 mL). These solutions were administered to fasted male Han Wistar rats (180-200 g) 
Quantification of Ex_31
For the quantification of the exposure of Ex_31 in liver the tissue was homogenized in a mixture of 0.1% formic acid and 30% acetonitrile/methanol (1:1) in a ratio of 1:4. The homogenate was prepared in a dry iced cooled Precyllis Evolution (Bertin Technologies) instrument. Five microlitres of this homogenate or 5 μL of EDTA plasma was precipitated with 70 μL 0.1% formic acid and 70% acetonitrile/methanol. Protein precipitate was removed by centrifugation. Subsequently, a 30 μL aliquot of the supernatant was diluted in 150 μL 0.1% formic acid. Calibrants from 0.5 nM to 10 μM and quality controls at 10, 100 and 1000 nM were prepared in EDTA rat plasma. Calibrants, quality controls and samples were supplemented with internal standard and subjected to LC-MS/MS analysis on an API 4000 (ABSciex, Germany). The instrument was equipped with a 1200 LC-system (Agilent, Germany), a Kinetex C18 column (50 × 2.1 mm, 2,6 μm, 100 Å Phenomenex), Solvent A (0.1% formic acid) and Solvent B (1:1 acentonitrile/methanol). A gradient profile was applied, starting at 10% Solvent B, increasing within 2.6 min to 95% and a decrease to 10% from 3.3 to 4 min. Ex_31 was monitored by recording the MRM trace 484.2/143.0 with a declustering potential of 71 and a collision energy of 57. The lower limit of quantification of Ex_31 was 5 nM.
Carbon tetrachloride-induced hepatic fibrosis in rats
CCl 4 -induced liver fibrosis is one of the most commonly used animal models to mimic liver fibrosis in rodents. This model is often used to investigate the role of signalling pathways or individual proteins in fibrosis development by using knockout animals or pharmacological tools. Male Sprague-Dawley rats, 6-7 weeks of age (JANVIER LABS, France), were housed in pairs in a controlled environment (12 h light/dark cycle). Choline-deficient L-amino acid-defined diet-induced liver injury in rats
As shown in previous studies, rats fed a CDAA diet develop a hepatic phenotype that closely mirrors the human NASH pathology including steatosis, inflammation and fibrosis. Additionally, animals fed a CDAA diet do not suffer from the massive body weight loss that is observed in animals fed a methionine-and choline-deficient diet. Male Wistar rats, 6 weeks of age (JANVIER LABS), were housed in pairs in a controlled environment (12 h light/dark cycle). After acclimatizing to their environment, animals were fed either a CDAA diet containing cholesterol (1%; E15666-94, ssniff Spezialdiäten GmbH, Germany) or a choline-supplemented L-amino acid-defined (CSAA) diet (E15668-04, ssniff Spezialdiäten GmbH) ad libitum for 6 weeks. All animals had ad libitum access to tap water. Following diet-induced liver injury, liver pre-biopsies were obtained with animals maintained under isoflurane anaesthesia as previously described (Clapper et al., 2013; Kristiansen et al., 2016) . Rats were anaesthetized with isofluorane (3-5%), and a midline abdominal incision was made to expose the left lateral lobe. A tissue biopsy of 50-100 mg was taken and fixed in 4% paraformaldehyde overnight for histological assessment. The remaining cut surfaces were electro-coagulated using an ERBE VIO 100C electrosurgical unit (Erbe Elektromedizin, Germany), the liver returned to the abdominal cavity and both the abdominal wall and the skin were sutured. The animals received carprofen (5 mg·kg À1 ; Pfizer, USA) and enrofloxacin (5 mg·kg À1 ; Bayer, Germany) both before surgery and on postoperative days 1 and 2 to control postoperative pain and infection. Animals were single-housed after the surgical procedure. Liver biopsies were used for histological stratification of animals into groups showing similar collagen 1a1 content (Supporting Information Table S5 ). In each group, 12 animals received the indicated diet and treatment. From week 7, animals received Vehicle or Ex_31 (15 mg·kg À1 , p.o.) suspended in 0.5% Natrosol/0.01% Tween 80 twice daily and were maintained on the CDAA diet. Control animals received Vehicle and were kept on the CSAA diet. After 5 weeks, animals were killed by cardiac puncture under isofluorane anaesthesia. The liver tissue was excised and weighed, and blood and liver samples were taken for further analysis. The CDAA study was conducted at Gubra ApS (Hørsholm, Denmark) according to licence 2013-15-2934-00784 and national welfare guidelines.
Measurement of plasma alanine aminotransferase and collagen IV
Plasma aminotransferase (ALT) activity was measured using 80 μL samples collected into EDTA tubes using a Cobas Integra 400 or Cobas C-111 (Roche Diagnostics, Germany).
Collagen IV was measured from 50 μL of EDTA plasma using the Exocell Immunoassay collagen IV M (Exocell, USA) according to the instruction manual. Plasma samples and collagen IV standards were incubated overnight with anticollagen IV antibody in a murine collagen IV pre-coated 96-well plate. After a washing step, goat anti-rabbit IgG HRP conjugate was added to the samples followed by a second incubation for 2 h at 24°C on a shaker set to 450 rpm. Wells were washed again before addition of HRP substrate (100 μL). After 10-12 min, reactions were stopped by the addition of sulphuric acid (100 μl, 2 M), and sample absorbance was determined at 450 nm using a SpectraMax microplate reader (Molecular Devices, USA).
Quantification of plasma and liver lysophosphatidic acid LPA was extracted as described previously (Scherer et al., 2009) . In brief, 35 μL of plasma was transferred to a 96-deep-well plate together with disodium hydrogen phosphate buffer (200 μL of 40 mM) containing 30 mM citric acid (pH 4), followed by addition of 1 μM LPA internal standard. To extract the phospholipids, 500 μL 1-butanol was added to samples, shaken vigorously for 10 min on a monoshake (Thermo Electron, Germany) and centrifuged at 4°C for 10 min. A sample of the upper butanolic phase (400 μL) was transferred to a 96-deepwell plate and evaporated by an ultravap (Porvair, UK) with a 60°C heated nitrogen flow (103.425 kPa for 45 min) until dry. The extract was dissolved in ethanol (100 μL), and LPA levels were determined by MS as described previously (Bretschneider et al., 2017 ). An API 6500 mass spectrometer (AB Sciex, Germany) was equipped with an Agilent 1290 LC system, a CTC autosampler and an Atlantis 50 × 2.1 mm, 3 μm HILIC LC column (Waters, UK) was used to determine levels of LPA. The instrument operated in negative mode with a source temperature of 300°C, cad gas = 50, gas 1 = 60, gas 2 = 60 and voltage of À4500 V. Declustering potential was set to À150 and collision energy to À28. The bi mobile phase chromatographic system was equipped with solvent A (0.2% formic acid and 50 mM ammonium formate in water) and solvent B (0.2% formic acid in acetonitrile). Separation of LPA and lysophosphatidylcholine (LPC) was achieved with a gradient starting from 95% solvent B, which decreasing to 75% over 90 s and to 50% solvent B over a further 12 s, with an increase in the flow rate from 500 to
À1
. The column was re-equilibrated at 108 s by set back of the solvent B concentration to 95%, which was maintained for 42 s. LPA was eluted at 117 s and LPC at 126 s with a peak width of 5 s. Quality control samples from 0.5 nM to 10 μM were measured to check the linearity of the LC-MS system and to control the robustness of the system. The lower limit of quantification was 12.5 nM. The absolute LPA levels were calculated and normalized to the mean of the control group to provide comparable datasets.
Histology assessment of livers in hepatic fibrosis models
For histological analysis of the CCl 4 -treated animals, the right lobe of the liver was sectioned and fixed in phosphatebuffered 10% formaldehyde. Each formaldehyde-fixed sample was embedded in paraffin, cut into 4 μm-thick sections and stained with haematoxylin and eosin (H&E) and Masson's trichrome according to standard procedures. All slides were scored by the same pathologist using the NASH activity score (NAS) as described previously (Kleiner et al., 2005) . A semi-quantitative analysis of steatosis, lobular inflammation and hepatocellular ballooning was assessed using the H&E-stained sections. Fibrosis staging was performed on the Masson's trichrome stained liver samples. For quantitative analysis of collagen positive area and degree of steatosis, histological slides were systematically scanned with a Zeiss AxioScan.Z1 microscope (Zeiss, Germany). Images were analysed using a script based on HDevelop ImageAnalysis Toolbox (MVTec, Germany). Image segmentation was performed using texture and colour information from colour space transformation RGB to HSI and from colour deconvolution. In the images, liver sections were segmented and the area covered by liver segmented into mosaic tiles of size 1024*1024 pixels (from 500 to 1200 tiles per slide). For each tissue tile, the total area of tissue and the area with collagen rich tissue were detected and used to calculate a value describing fibrosis. The median value of all tiles was reported.
For the histological assessment of samples from the CDAA study, liver pre-and post-biopsies from the left lateral lobe were fixed in paraformaldehyde (4%) overnight before paraffin embedding and sectioning (3 μm in depth). Sections were stained with H&E, Sirius Red (Sigma-Aldrich, Germany) and anti-collagen 1a1 antibody (1:300, Southern Biotech, USA; 2°antibody Bright Vision anti-goat, ImmunoLogic, Netherlands). The stained sections were used for histological assessment and scoring as described above. In addition, collagen 1a1-stained slices were analysed with Visiomorph software (Visiopharm) for quantification of collagen-positive area.
Biochemical quantification of hepatic hydroxyproline content
Hepatic collagen content in samples from the CCl 4 study was determined using 50-100 mg liver samples from two different lobes after hydrolysis in hydrochloric acid (6 M) for 16 h at 120°C. Samples were cooled to room temperature and centrifuged at 18 000× g for 10 min. Standards and samples were transferred to 96-well plates and 50 μL of citrate-acetate buffer was added. After addition of chloramine T solution (100 μL), plates were incubated for 20 min at room temperature before the addition of Ehrlich's reagent (100 μL; p-dimethylaminobenzaldehyde in ethanol:hydrochloric acid). Assay plates were incubated at 65°C for 15 min and then cooled to room temperature. Sample absorbance was measured at 558 nm using a SpectraMax microplate reader (Molecular Devices).
From the CDAA study, 25 mg liver tissue samples were transferred to FastPrep tubes containing zirconium beads and snap frozen in liquid nitrogen. Hydrochloric acid (20 μL per μg liver tissue, 6 M) was added to each sample tube and homogenized using the FastPrep homogenizer (MP Biomedicals, USA) for 1 min, followed by 3 min pause and further homogenization (1 min). The samples were incubated overnight at 95°C in a Binder oven (Binder, Germany). The following day, the samples were cooled to room temperature, mixed on a vortex and centrifuged (17 900× g for 10 min). Supernatants were transferred to tubes pre-filled with charcoal (Sigma-Aldrich), mixed on a vortex and centrifuged (17 900× g for 10 min) and the supernatants transferred to Micronic tubes (In Vitro Technologies, USA). Hydroxyproline content was determined using a Hydroxyproline Assay Kit (QuickZyme, Netherlands) according to the manufacturer's instructions.
Quantification of hepatic α smooth muscle actin content
Liver extracts (50 mg) were prepared by suspending them in 700 μL of MSD lysis buffer (Meso Scale Discovery, USA) supplemented with protease inhibitor cocktails (Thermo Fisher Scientific and Sigma-Aldrich). Samples were homogenized for 30 s at 6000× g, 4°C, using a FastPrep homogenizer (MP Biomedicals, USA). Homogenates were centrifuged at 10 000× g at 4°C for 10 min. Supernatants were adjusted to a protein concentration of 3 mg·mL
À1 . An MSD Westernreplacement method (Meso Scale Discovery) using specific anti-α smooth muscle actin (αSMA) antibody was used to quantify SMA in protein lysates. Samples (25 μL) were added to multi-array 96-well plates (high bind, Meso Scale Discovery) and incubated for 2 h at room temperature with gentle shaking. Non-specific antibody binding was prevented by incubation of 150 μL of 3% blocking buffer (0.6 g of MSD Blocker A in 20 mL bidest) for 1 h at room temperature. For the detection of bound αSMA, an anti-αSΜΑ antibody (1:5000; Sigma-Aldrich) and goat anti-mouse sulfo-TAG antibody (1:167; Meso Scale Discovery) mixture was prepared in blocking buffer (1.5 mL, 3%) and Tris (4.47 mL, pH 7.4) wash buffer and 25 μL added per well for 1 h at room temperature. Plates were washed three times using 200 μL of Tris pH 7.4 wash buffer between all steps. The final detection reaction was initiated by the addition of 150 μL of MSD read buffer T, after which plates were analysed on a SECTOR S 600 plate reader (Meso Scale Discovery).
Real-time PCR analysis of gene expression in rat livers
Tissue samples were treated prior to the isolation of nucleic acids with a phenol-chloroform extraction protocol. First, samples were homogenized in Lysing Matrix D Tubes containing 700 μL RLT-buffer (Qiagen) for 3 min at 3000× g, using a FastPrep®-24 homogenizer (MP Biomedicals). Supernatants were transferred to fresh tubes, and 700 μL phenol-chloroform-isoamyl alcohol was added. Tubes were mixed and centrifuged at 12 000× g for 5 min before addition of chloroform-isoamyl alcohol (500 μL). Tubes were incubated for 3 min at room temperature followed by another centrifugation step (12 000× g for 5 min). Upper phases were used for the extraction of RNA. Total RNA was isolated using RNeasy 96 Kit (Qiagen) according to the manufacturer's instructions. RNA concentrations were analysed by NanoDrop ND-1000 UV-Vis spectrophotometer at 260 nm (Thermo Fisher Scientific). The purity of the RNA was confirmed using 260/280 nm ratios, and samples were stored at À80°C before further processing. For RT-PCR, RNA samples (50-2000 ng) were reverse-transcribed into cDNA with a high-capacity cDNA archive kit (Thermo Fisher Scientific) in accordance with the manufacturer's protocol and the cDNA produced was stored at À20°C. For the analysis of genespecific mRNA expression, cDNA was amplified by real-time PCR with specific primers and fluorescent-labelled probes (Supporting Information 
Statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All data were analysed using GraphPad Prism 7.00 software. Results are shown as individual values or as mean ± SEM or SD. If not otherwise stated, ordinary one-way ANOVA with Tukey's multiple comparison tests were used to evaluate statistical significance between control and treatment group data (*P < 0.05). In all experiments where Tukey's multiple comparison tests were applied, F-test of the ANOVA demonstrated statistical significance (P < 0.05).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b) .
Results
Effect of LPA on gene expression in primary human hepatic stellate cells
In primary human HSCs, 18:1 LPA at a concentration of 10 μM induced a time-dependent increase in α smooth muscle actin gene 2 (ACTA2) expression reaching a maximum of À4.4-fold at 6 h ( Figure 1A ). Levels of mRNA for connective tissue growth factor (CTGF) had increased after 1 h (7.6-fold; Figure 1B ). Expression of CTGF remained elevated in LPA treated cells until 6 h. A transient increase in expression of CCL2 and CXCL1 was observed, reaching maximal levels after 2 h of stimulation (18.8-fold and 6.6-fold, respectively; Figure 1C ,D). By the 4 and 6 h time points, expression levels of CCL2 and CXCL1 were lower than at 2 h.
Effect of LPA on TRAIL-induced hepatic stellate cell apoptosis
Treatment of primary human HSCs with 30 ng·mL À1 TRAIL for 24 h induced apoptosis, as determined by a 7.1-fold increase in caspase3/7 activity (Figure 2 ). LPA caused a concentration-dependent suppression of TRAIL-induced apoptosis with an estimated 50% inhibitory concentration (IC 50 ) value of 3 μM, although at concentrations of up to 30 μM, 18:1 LPA had no effect on basal caspase3/7 activity.
Characterization of a potent and selective autotaxin inhibitor
The potency of the ATX inhibitor Ex_31 was determined in vitro in a biochemical ATX assay (IC 50 27 nM) and a rat whole blood assay (IC 50 10 nM) ( Table 1 , Supporting Information Figure S2 , Bretschneider et al., 2017) . The selectivity of Ex_31 was evaluated by screening the compound at 10 μM in a diversity target profile (Eurofin Cerep, France, Supporting Information Table S3 ). The only target which was inhibited by more than 50% was PDE4D2. 
Pharmacokinetic profile of Ex_31 and target engagement in healthy rats
Plasma exposure of Ex_31 reached more than 2 μM (~60-fold in vivo IC 50 ) 30 min after a single oral dose (10 μmol·kg À1 , Figure 3 ). At 30 to 240 min post-dosing, a reduction of 90% in maximal plasma LPA compared to baseline was observed. Based on these results, estimates suggested that administration of 15 mg·kg À1 Ex_31 twice daily would result in >95% reduction in plasma LPA over a 24 h period.
Hepatic expression of LPA 1 receptor and quantification of plasma and liver LPA levels in models of CCL 4 -and CDAA diet-induced liver injury
To determine whether pharmacological inhibition of ATX prevents fibrosis development, we tested Ex_31 in a 10 week model of CCl 4 -induced liver injury and in a 14 week model of CDAA diet-induced liver injury. At the end of the CCl 4 study, exposures of Ex_31 were 3525 ± 978 nM in plasma and 17 223 ± 2591 nM in livers 15-16 h after last compound administration. In the CDAA study, exposures of Ex_31 were 360 ± 113 nM in plasma and 3332 ± 767 nM in livers 15-16 h after last compound administration. In CCl 4 -treated rats, LPAR1 mRNA expression was increased 25.8-fold compared with control animals (P < 0.05, Figure 4A ). Exposure of CCl 4 -treated rats to Ex_31 did not result in significant BJP M Baader et al.
changes in LPAR1 mRNA expression. LPA levels were increased in plasma (+36% compared to control, P < 0.05, Figure 4B ) and in liver samples (+62% compared with control, P < 0.05, Figure 4C ) of CCl 4 -treated rats. Exposure of CCl 4 -treated rats to Ex_31 resulted in a decrease in plasma LPA levels of >95%, whereas levels of LPA in liver homogenates were unchanged. In CDAA diet-fed rats, LPAR1 mRNA expression was increased 12.2-fold compared with CSAA diet-fed animals (P < 0.05, Figure 4D ). Exposure of CDAA diet-fed rats to Ex_31 did not result in significant changes in LPAR1 mRNA expression. LPA levels in CDAA diet-fed rats were increased in plasma (+39% compared with control, P < 0.05, Figure 4E ) and in liver samples (+40% compared with control, P < 0.05, Figure 4F ). Exposure of CDAA diet-fed rats to Ex_31 resulted in a decrease in plasma LPA levels by more than 95%, whereas levels of LPA in liver homogenates were unchanged.
Effects of Ex_31 on body weight, liver weight and plasma alanine aminotransferase in models of CCL 4 -and CDAA diet-induced of liver injury
Before Ex_31 administration and at study termination, body weights of CCl 4 -treated rats and control animals were comparable (Table 2) . At the end of the study, CCl 4 -treated rats displayed signs of liver injury, including elevated plasma ALT levels (365.5 vs. 62.6 U·L À1 ; P < 0.05) and increased liver weights (25.8 vs. 18.0 g; P < 0.05) compared to control animals. Exposure of CCl 4 -treated rats to Ex_31 did not result in significant changes in body weight, liver weight or plasma ALT levels. In the CDAA study, body weights between CDAA and CSAA diet-fed rats were not significantly different; however, CDAA diet-fed animals had elevated plasma ALT levels (56.3 vs. 40.5 U·L À1 ; P < 0.05) and increased liver weights (24.9 vs. 15.4 g; P < 0.05) compared to CSAA diet- fed rats. Exposure of CDAA diet-fed rats to Ex_31 did not result in significant changes in body weight, liver weight or plasma ALT levels.
Effects of Ex_31 on histology in a rat model of CCL 4 -induced liver injury
Rats treated with CCl 4 presented signs of liver injury and bridging fibrosis ( Figure 5A ). In CCl 4 -treated rats, NAS ranged from 4 to 6 (5.1 ± 0.14; Figure 5B ) and fibrosis scores from 3 to 4 (3.5 ± 0.1, Figure 5C ). Quantitative histological assessment based on Masson's trichrome staining revealed collagenpositive area of 3.7 ± 0.5% in CCl 4 -treated rats, as compared with 0.2 ± 0.0% in control rats ( Figure 5D ). Exposure of CCl 4 -treated rats to Ex_31 did not result in significant changes in NAS (5.2 ± 0.2), fibrosis score (3.1 ± 0.3) or area of collagen-positive staining (3.6 ± 0.9%).
Effects of Ex_31 on histology in a rat model of CDAA diet-induced liver injury
Rats fed a CDAA diet presented signs of NASH and bridging fibrosis ( Figure 6A ). In CDAA diet-fed rats, NAS scores ranged from 5 to 7 (5.8 ± 0.3; Figure 6B ) and fibrosis scores from 0 to 4 (2.7 ± 0.4; Figure 6C ). Quantitative histological assessment based on collagen I staining revealed collagen-positive area of 15.2 ± 2.6% in CDAA diet-fed rats, as compared with 4.7 ± 0.2% in CSAA diet-fed animals ( Figure 6D ). Exposure of CDAA diet-fed rats to Ex_31 resulted in NAS of 3 to 6 (4.8 ± 0.3), fibrosis scores of 1 to 4 (3.5 ± 0.3) and area of collagen-positive staining of 18.6 ± 2.7%.
Effect of Ex_31 on hepatic hydroxyproline and α smooth muscle actin content in models of liver injury
In CCl 4 -treated rats, hepatic hydroxyproline content was 3.3-fold higher (P < 0.05; Figure 7A ) and αSMA protein levels were 3.5-fold higher (P < 0.05; Figure 7B ) than in control animals. Exposure of CCl 4 -treated rats to Ex_31 did not result in significant changes in hepatic hydroxyproline or αSMA contents. In CDAA diet-fed rats, hepatic hydroxyproline content was 5.5-fold higher (P > 0.05; Figure 7C ) and αSMA protein levels were 2.9-fold higher (P < 0.05; Figure 7D ) than in CSAA dietfed animals. Exposure of CDAA diet-fed rats to Ex_31 did not result in significant changes in hepatic hydroxyproline or αSMA contents.
Effect of Ex_31 on expression of inflammation and fibrosis marker genes in models of liver injury
In livers of CCl 4 -treated rats, mRNA levels of Ccl2, Cxcl1, intergin α M (Itgam), EGF-like module-containing mucin-like hormone receptor-like 1 (Emr1), TNFα (Tnfa) and TGFβ (Tgfb) were increased 6.5-, 3.1-, 25.0-, 6.0-, 9.2-and 33.0-fold respectively (P < 0.05 for all genes; Figure 8A ). Exposure of CCl 4 -treated rats to Ex_31 did not result in significant changes in mRNA expression levels of these genes. In livers of CDAA diet-fed rats, mRNA levels of Ccl2, Cxcl1, Itgam, Emr1, Tnfa and Tgfb were increased 8.3-, 4.3-, 12.8-, 1.8-, 5.3-and 4.6-fold, respectively (P < 0.05 for all genes; Figure 8B ). Exposure of CDAA diet-fed rats to Ex_31 did not result in significant changes in mRNA expression levels of these genes. 
Discussion
The aim of the present work was to explore the role of the LPA/ATX axis in the pathogenesis of NASH-related fibrosis by characterization of the properties of a selective small molecule ATX inhibitor in preclinical models of advanced liver fibrosis. NASH is a progressive liver disease characterized by hepatic fat accumulation and lobular hepatitis in the absence of viral hepatitis, biliary disease or a history of alcoholism. Persistent inflammation and oxidative stress can result in hepatocyte damage and HSC activation, ultimately resulting in fibrogenesis (Maher, 2016) . Expression of LPA receptors in fibroblasts has previously been demonstrated (Stortelers et al., 2008) , and several effects of LPA on HSCs have been described that could contribute to the development of fibrosis (Yanase et al., 2000; Tangkijvanich et al., 2002) .
Effects of LPA on cytokine, chemokine and fibrosis marker gene expression have been described in mouse embryonic fibroblasts (Stortelers et al., 2008) . We have demonstrated expression of LPA 1 receptors and to a lesser extent LPA 6 receptors in culture-activated primary human HSCs from three different donors (Supporting Information Figure S1 Body weight at start of cpd treatment [g] 551.6 ± 13.9 542.1 ± 8.8 534.5 ± 11.4 549.3 ± 9.3 530.6 ± 11.2 509.4 ± 15.2
Body weight at study termination [g] 608.3 ± 12.8 569.3 ± 12.5 571.4 ± 13.5 591.1 ± 12.4 592.0 ± 15.1 568.9 ± 21.4
Liver weight [g] 18.0 ± 0.5 25.8 ± 1.9* 25.3 ± 2.2 15.4 ± 0.4 24.9 ± 1.4* 23.8 ± 1.5
62.6 ± 2.1 365.5 ± 21.7* 309.1 ± 23.2 40.5 ± 2.2 56.3 ± 2.1* 63.6 ± 6.3
Values represent mean ± SEM, n = 10 (control), n = 13 (CCl 4 -treated) and n = 12 (CSAA-and CDAA-fed), *P < 0.05. these may be higher under pathological conditions. Based on previously published in vitro studies, 10 μM represents a 90% effective concentration (Tangkijvanich et al., 2002) . We have observed up-regulation of fibrosis related genes (ACTA2 and CTGF) and chemokine-encoding genes (CCL2 and CXCL1) in 18:1 LPA-treated primary human HSCs. These results suggest that in vivo, elevated LPA levels could stimulate HSC activation and chemokine-dependent immune cell recruitment, both of which are hallmarks of human NASH. Since the elimination of HSCs by TRAIL-induced apoptosis has been reported to protect rats from CCl 4 -induced liver injury (Xu et al., 2016), we investigated the effect of LPA on TRAILinduced HSC apoptosis in vitro. We observed the effective suppression of TRAIL-induced HSC apoptosis by 18:1 LPA, which may result in increased HSC survival in pathogenic settings and thereby promote the development of fibrosis. These in vitro observations prompted us to evaluate the role of the main LPA producing enzyme ATX in the pathogenesis of liver fibrosis in vivo. Elevated plasma LPA levels have been observed in different acute and subchronic models of liver injury (Watanabe et al., 2007) . To evaluate the potential role of the ATX/LPA axis in the pathogenesis of liver fibrosis, we tested a selective small molecule ATX inhibitor, Ex_31, in a 10 week model of CCl 4 -induced liver fibrosis and in a more metabolic driven 14 week model of CDAA diet-induced liver injury. The rat was used as the species for proof of concept studies based on the observation that ATX inhibition resulted in an almost complete depletion in plasma LPA.
In the present study, we used Ex_31 as a selective ATX inhibitor with oral bioavailability, favourable pharmacokinetic properties and in vivo target inhibition. In the CCl 4 study, we observed increased hepatic LPAR1 expression and plasma LPA levels, indicating an up-regulation of the LPA signalling pathway as previously described in several preclinical models of liver injury (Watanabe et al., 2007) . LPA levels were elevated not only in plasma but also in liver tissue of diseased animals. Interestingly, while plasma LPA was reduced by >95% in animals exposed to Ex_31, LPA levels in liver tissue of these animals remained unchanged, indicating an ATX-independent pathway for intracellular LPA production. Indeed, different enzymes including an acylglycerol kinase that produce intracellular LPA have been described (Pages et al., 2001; Bektas et al., 2005) . To further address this point, we have measured ATX activity ex vivo in plasma and homogenates of un-perfused and perfused rat liver sections. As expected, we observed 18:2 LPA synthesis after incubation of plasma with 10 μM 18:2 LPC (Supporting Information Figure S11 ). While we also observed 18:2 LPA synthesis in homogenates of un-perfused livers incubated with 18:2 LPC, we did not detect any LPA synthesis in homogenates of perfused livers. These results indicate that in healthy rats, liver ATX activity is restricted to the plasma and that intracellular LPA must be synthesized through ATX-independent pathways. These findings may explain our observation that liver LPA levels were not reduced in Ex_31-treated rats in spite of high liver compound exposure.
In the CCl 4 -induced liver injury study, efficient pharmacological inhibition of ATX did not result in the consistent improvement of markers for liver injury, inflammation or fibrosis. The lack of any signs of anti-inflammatory or antifibrotic efficacy of Ex_31, despite excellent target engagement, prompted us to challenge the relevance of the CCl 4 model for the evaluation of a potential role of the ATX/LPA axis in the pathogenesis of hepatic fibrosis. Continuous CCl 4 challenges could result in the activation of HSCs, which may mask a potential pathophysiological role for LPA, such as HSC activation or protection of HSCs from TRAIL-induced apoptosis as shown in our in vitro studies. Indeed, strong induction of HSC proliferation followed by apoptosis has been observed after single dose administration of CCl 4 in Sprague-Dawley rats (Lee et al., 2003) .We also tested Ex_31 in a second, diet-induced model of liver injury in rats. Multiple NASH-related models have previously been described in the literature (Ibrahim et al., 2016) . Here, we performed a 14 week study with a modified version of a CDAA diet supplemented with 1% cholesterol. This model was recently used to characterize the efficacy of the PPAR agonist Elafibranor (Noel et al., 2015) . In that study, supplementation of a classical CDAA diet with 1% cholesterol markedly increased hepatocyte ballooning and fibrosis development. In line with these observations, the addition of 1% cholesterol to a 15% high-fat diet has previously been shown to trigger fibrosis development over the course of 30 weeks of exposure (Savard et al., 2013) . In the present CDAA study, plasma LPA levels were increased moderately after 14 weeks of CDAA diet feeding. However, levels of the ATX substrate LPC were markedly lower in CDAA diet-fed rats compared with rats receiving CSAA diet (Supporting Information Figure  S6 ). As a consequence, plasma LPA/LPC ratios were significantly higher in CDAA diet-fed rats than in CSAA diet-fed animals, indicating increased plasma ATX activity. As observed in the CCl 4 study, LPA levels were not only increased in plasma but also in the livers of CDAA diet-fed rats. While exposure of CDAA diet-fed animals to Ex_31 resulted in a decrease in plasma LPA by >95%, no lowering of liver LPA was observed. The CDAA study confirmed the observation made in the CCl 4 model that ATX inhibition by Ex_31 had no beneficial effects on a majority of markers of liver injury, inflammation and fibrosis. The finding that liver tissue LPA levels were increased in both models of liver injury, but unchanged in animals exposed to Ex_31, raises the question of whether or not intracellular LPA could contribute to the pathogenesis of liver injury and fibrosis. Indeed, intracellular pro-inflammatory effects of LPA have previously been reported in bronchial epithelial cells (Kalari et al., 2009) . To investigate the potential of intracellular LPA to diffuse outside the cell and bind to LPA receptors, we investigated passive permeability of different LPA species in a parallel artificial membrane permeability assay. All tested LPA species showed a very good permeability at pH 5, 6.5, 7.4 (Supporting Information Table S7 ). Therefore, intracellular LPA could be released from the cells and subsequently contribute to classical LPA receptor-dependent signalling.
A different ATX small molecule inhibitor developed by PharmAkea (PAT-505) was recently tested in two dietinduced models of liver injury in mice (Bain et al., 2017) . In the STAM ™ model, administration of PAT-505 (10 mg·kg À1 )
once per day resulted in a significant reduction in NAS and fibrotic area. However, it was noted that the observed effects were not dose dependent and thus inconclusive. In a second CDAA high-fat diet model, PAT-505 significantly reduced fibrosis development but had no effect on steatosis, inflammation or hepatocyte ballooning. When comparing these results with our studies, it is worth mentioning that the mouse models were characterized by lower degrees of fibrosis development.
The role of ATX in liver injury has also been investigated with hepatocyte-specific conditional ATX deletion in a 4 week model of CCl 4 -induced liver injury in AlbENPP2 À/À mice (Kaffe et al., 2017) . In this study, mice deficient in hepatic ATX displayed reduced markers of fibrosis compared to control mice following CCl 4 treatment. In contrast, ATX deficiency had no significant effect on markers of inflammation. In their study, substantial transient increase in hepatic ATX mRNA expression and protein peaking at 4 weeks of CCl 4 treatment was shown. Elevated plasma ATX activity and plasma LPA levels were reduced to baseline in CCl 4 -treated (4 weeks) AlbENPP2 À/À mice. Interestingly, plasma ATX and LPA levels were unaffected in AlbENPP2 À/À control animals not receiving CCl 4 . These data suggest that the observed increase in plasma ATX and LPA in CCl 4 -treated mice is derived from hepatocytes. However, hepatocytes appear not to contribute to basal plasma ATX and LPA levels in healthy animals. In conclusion, the observation that liver ATX mRNA and protein levels returned to baseline at 8 and 12 weeks of CCl 4 treatment indicates that hepatocytes may only produce relevant amounts of ATX during the initiation phase of CCl 4 -induced liver injury, but not at later stages. This hypothesis is in alignment with our data, since in our study, we treated the animals with ATX inhibitor in a therapeutic intervention mode from week 6 to 10 of CCl 4 treatment. This may explain lack of liver LPA lowering by the ATX inhibitor in our study. Similar effects as described with AlbENPP2 À/À mice were observed in CCl 4 -treated mice exposed to the ATX inhibitor PF-8380 (30 mg·kg À1 , intraperitoneally, twice daily). Plasma ATX activity and liver LPA levels were reduced by approximately 50% in PF-8380-treated mice. These results are in contrast to our studies, where almost complete inhibition of plasma ATX did not result in reduced LPA levels in liver tissue. As discussed above, due to the transient increase in liver ATX expression in CCl 4 -treated mice peaking at 4 weeks, the duration of the CCl 4 treatment in the two studies may explain the different outcomes. Furthermore, we used a different species, and the relevance of ATX for the generation of LPA in the liver may be different in mice and rats. In summary, we characterized the properties of a selective ATX inhibitor, Ex_31, in two models of advanced liver fibrosis in rats. In both studies, exposure of animals to Ex_31 did not result in significant changes in inflammation and fibrosis markers in spite of efficient target inhibition resulting in >95% reduction in plasma LPA levels. These results are in contrast to previous publications (Bain et al., 2017; Kaffe et al., 2017) , where anti-inflammatory and antifibrotic effects of ATX inhibition or depletion have been shown in models of liver injury in mice. However, in contrast to the published studies, the species we used was rats, and our models were characterized by advanced stages of liver fibrosis up to cirrhosis. Both differences may account for the observed discrepancies between the studies. Taken together, our findings question the value of ATX as a new target for the treatment of advanced stages of NASH-related liver fibrosis.
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https://doi.org/10.1111/bph.14118 Figure S1 Expression of LPA receptors (LPAR) in primary human hepatic stellate cells from 3 different donors. Data represent relative mRNA levels normalized versus levels of RNA-polymerase II (RNAPol2). Dots represent three individual donors. Figure S2 IC 50 curves of EX_31 from the (A) biochemical and (B) rat whole blood assay. The potency of Ex_31 was determined as described recently (Bretschneider et al., 2017) . Briefly, the reaction buffer consisted of 50 mM Tris (pH 8.0), 3 mM KCl, 1 mM CaCl 2 , 1 mM Mg Cl 2 , 0.14 mM NaCl and 0.1% bovine serum albumin, which was supplemented with 5 nM recombinant rat ATX. Ex_31 was added to the assay solution in a concentration range from 0.1 nM to 10 μM. To 2.5 μL of this solution, 2.5 μL of a10 μM 18:1 LPC substrate solution was added to initiate the biochemical reaction. After 2 h incubation at room temperature the samples were analysed by LC-MS. The whole blood potency was determined by incubation of 45 μL heparinized rat whole blood with a serial dilution of Ex_31 (0.12 to 100 μM). After 1 h at 37°C the reaction was stopped by addition of 100 μL 40 mM disodium hydrogen phosphate buffer containing 30 mM citric acid (pH 4) and 1 μM 17:0 LPA (internal standard). Subsequently, LPA was extracted by liquid-liquid extraction using 500 μL butanol. The samples were analysed by LC-MS. IC 50 values were calculated by applying a sigmoidal Hill equation. for a total duration of 10 weeks. After 6 weeks, animals were stratified based on plasma collagen IV (Col. IV) and 18:1 LPA levels. Each row represents one individual animal, which was assigned to the Vehicle (columns 1 and 2) or Ex_31 (columns 3 and 4) group. Table S5 Male Wistar rats were fed a CDAA diet for a total duration of 14 weeks. After 9 weeks, animals were stratified based on histology assessment of liver biopsies. Values represent quantification of fibrotic area based on collagen I-stained liver sections. Each row represents one individual animal, which was assigned to the Vehicle (column 1) or Ex_31 (column 2) group. Figure S6 Normalized plasma lysophosphytidylcholine (LPC) levels and lysophosphatidic acid to LPC ratios in choline-deficient amino acid-defined diet-induced liver injury model. Data represent mean ± SEM, n = 12, **P < 0.01. Figure S11 Ex-vivo measurement of ATX activity in plasma and homogenates from un-perfused and perfused livers. Heparin plasma and un-perfused and perfused livers rat livers were collected and immediately frozen at À20°C until analysis. 100 mg liver were homogenized in 500 μL PBS buffer using a dry iced cooled Precyllis Evolution (Bertin Technologies). The cell debris were pelleted by centrifugation at 10000 rpm, 10 min and 4°C. 400 μL of the supernatants or 35 μL plasma were supplemented with 10 μM 18:2 LPC and samples were incubated at 37°C. After 1 h the reaction was stopped by the addition of 40 mM disodiumhydrogenphosphate buffer containing 30 mM citric acid (pH 4) and 1 μM 17:0 LPA (internal standard). Subsequently, LPA was extracted by liquid-liquid extraction using 500 μL butanol as described above. Data represent individual values and mean ± SD, n = 3. Figure S12A Individual relative plasma LPA species in CCl 4 model. LPA levels were determined as described in the materials and methods section. Data represent mean ± SEM, n = 10 (control) and n = 13 (CCl4-treated), *P < 0.05, n.s. = not significant. Levels were below detection limit in several samples of the vehicle and CCl 4 /Ex_31 groups for 16:0 LPA and in the CCl4/Ex_31 group for 18:0 LPA and 18:1 LPA. Thus statistical power calculations are not applicable for these groups (NA). Figure S12B Individual relative liver LPA species in CCl 4 model. LPA levels were determined as described in the materials and methods section. Data represent mean ± SEM, n = 10 (control) and n = 13 (CCl 4 -treated), *P < 0.05, n.s. = not significant. Figure S12C Individual relative plasma LPA species in CDAA model. LPA levels were determined as described in the materials and methods section. Data represent mean ± SEM, n = 12, *P < 0.05, n.s. = not significant. Levels were below detection limit in several samples of the CDAA/Ex_31 groups for 16:0 LPA, 18:0 LPA and 18:1 LPA. Thus statistical power calculations are not applicable for these groups (NA). Figure S12D Individual relative liver LPA species in CDAA model. LPA levels were determined as described in the materials and methods section. Data represent mean ± SEM, n = 12, *P < 0.05, n.s. = not significant.
